Abstract. The main limitation of the development of under-
Introduction
In recent years, low loss, high reliability and high speed underwater wireless data transmission links are demanded urgently in civil and military domains such as petroleum exploration industry, marine environment monitoring and military command [1] . So the underwater wireless communication is an important topic in ocean that has attracted worldwide attention. Contemporary underwater acoustic communication, with long communication range of up to 20 km, is widely used in most long-range underwater wireless data transmission applications [2] . However, narrow-band acoustic waves yield poor performance because of the susceptibility to multipath and Doppler effects, resulting in a significant limitation of the allowable bandwidth [3] . Fortunately, these problems can be overcome by reconsidering the use of electromagnetic communication in short-range transmission links due to the high bandwidth and strong anti-noise ability. Another option for underwater is optical communication, which has the greatest advantage of extremely large capacity [4] . Unfortunately, optical waves are severely affected by the scattering of suspended particles and marine plankton, and only deliver good performance in very clear water. In comparison with optical communication, electromagnetic wave can be operated under non-line-of-sight (NLOS) conditions and is insensitive to water turbidity, salt concentration and pressure gradients. Thus, electromagnetic communication is an ideal choice for underwater wireless communication applications.
The development of underwater wireless electromagnetic communication is mainly limited by severe attenuation. At the beginning of the study, researchers used extremely low frequency to launch electromagnetic wave in order to overcome the attenuation [5] . But very high transmitting power and large antenna size are required. Later, the researchers demonstrated that antennas coated with insulating material or wrapped inside the insulation cylinder shell for electromagnetic wave emission, which greatly improve launching efficiency [6] , [7] . A. A. Abdou proved it is feasible to utilize electromagnetic wave in an underwater communication system using loop antennas [8] . However, these methods cannot solve the core problem of exponential attenuation of electromagnetic wave in seawater. Reference [9] referred to the use of surface wave produced by the propagation of electromagnetic wave going from seawater into the air, along the air-water interface, and finally down to seawater, whose path loss is much smaller than the higher order severe attenuation path in seawater and, hence, the communication range can even reach several kilometers. A. Shaw et al. took experiments to verify the formulation and found that the attenuation of electro-magnetic wave will become smaller if the antennas are in shallow ocean zone and the electromagnetic wave can spread over 90 m [6] . But the article did not give reasonable theoretical analysis and explanation for the propagation mechanism. Since the permittivity and conductivity of seabed-rock-layer are much lower than those of seawater, electromagnetic wave could be guided through the seabedrock-layer with the similar effect of surface wave for the deeply submerged transceiver. We exploit the effect to establish a low loss channel model for high speed underwater communication through the seabed-rock-layer path with theoretical derivation and simulation verification in this paper.
Propagation Characteristics in Seawater
Seawater has a high permittivity and high conductivity so that the propagation characteristics of electromagnetic wave in the seawater medium are greatly different from in air. In this section, the attenuation constant, phase constant, propagation velocity and wavelength of electromagnetic wave in seawater are analyzed and discussed.
Attenuation Constant and Phase Constant
The propagation constant of electromagnetic wave in seawater [10] , [11] is expressed as:
where ω = 2πf, f is the propagation frequency, and σ is conductivity. ε = ε 0 ε r accounts for permittivity, and the permittivity in vacuum is
. c is light speed, ε r is relative permittivity, μ = μ 0 μ r is permeability and μ 0 = 1.26 10 -4 H/m is permeability in vacuum, we assume the seawater and seabed-rock-layer are non-ferromagnetic medium so the relative permeability μ r = 1.
The propagation constant has a real attenuation constant α (Np/m) and imaginary phase constant β (rad/m) respectively calculated as:
Seawater is a good conductive medium due to the conductivity is σ 1 = 4 S/m and the permittivity is ε r = 81 ε 0 , so α and β can be simplified as:
It can be seen that the attenuation constant and phase constant in seawater are not only related to the characteristic parameters of conductivity, permeability and permittivity, but also closely related to the frequency and increase with the frequency. Therefore, the higher frequencies of electromagnetic wave are not suitable for long-range communication in seawater.
Wavelength
The wavelength of electromagnetic wave in seawater [10] is expressed as:
We can observe that the wavelength of electromagnetic wave is related to the frequency, the higher the frequency, the shorter the wavelength. It is found that the wavelength of 100 kHz frequency in seawater is only 5 m, while in the air it will reach 3000 m. Therefore, the size of the antenna in seawater can be much smaller than that in air.
Propagation Velocity
The propagation velocity of electromagnetic wave [10] is expressed as:
As the conductivity in seawater is not 0, the propagation velocity is a function of frequency. The propagation velocity of electromagnetic wave in seawater, though less than the speed of light, increases with higher frequency. When the frequency is more than 140 kHz, the propagation velocity of electromagnetic wave in seawater is about 400 times faster than that of acoustic waves. This result is very impressive which indicates that underwater electromagnetic wave communication has the advantages of high speed, real-time in data transmission.
Proposed Channel Model
Seawater has characteristics of high permittivity and high conductivity such that the propagation range of the electromagnetic wave through the seawater path is limited. In [12] , a wavelength-compensated path loss model was proposed. It found that a low frequency electromagnetic wave with 1 kHz would have an attenuation loss of 140 dB when spreading 50 m in seawater path. High absorption loss is the inherent characteristics of the seawater medium. But the electromagnetic waves which cross the seawaterair interface are very sharply refracted between two shallowly underwater antennas and the waves will be guided through a low loss path leading from one antenna directly up to the surface, along the surface, and directly down to the another antenna. Similarly, for the deeply submerged transceiver, there will be the same advantage for electromagnetic wave propagated through the interface between seawater and seabed-rock-layer [13] . Therefore, we can optimize the channel model by changing the propagation path for the deeply submerged transceiver. In this section we analyze the evanescent wave effect produced by the total reflection in seabed-rock-layer, and optimize the channel model for underwater wireless electromagnetic communication from five stages of propagation.
Propagation Mechanism
Antenna is an important factor for the transmission of underwater electromagnetic wave communication. Directly putting the any metallic antenna into the seawater for electromagnetic wave emission will cause short-circuit. Most of the researchers use circular antenna which coated with insulating material (such as PTFE layer) or wrapped inside the insulation cylinder shell for underwater experiments. The circular antenna will match the impedance of the seawater due to the permittivity of insulation materials is close to the seawater, which can greatly improve the emission efficiency [6] , [7] , [14] , [15] . The main component of seabed-rock-layer is basalt, whose standard permittivity is ε 2 = 8ε 0 , conductivity is σ 2 = 0.01 S/m which are far less than the parameters of seawater. Long-range underwater communication cannot be realized through seawater path at present, however, when the transceiver is located near the deep-sea bottom, the electromagnetic wave can be propagated through the seabed-rock-layer due to the evanescent wave generated by the total reflection, and the path loss can be much smaller than that of the seawater path, which is deduced and analyzed theoretically in this section.
The propagation paths of electromagnetic wave between submerged antennas near deep-sea bottom are shown in Fig. 1 . Electromagnetic wave which belongs to uniform planar electromagnetic wave emitted by the antenna is obliquely injected into the seabed-rock-layer through seawater. In any polarization, the wave can be decomposed into two orthogonal linearly polarized waves [16] . The polarization direction of one is perpendicular to the incident plane known as vertical polarization wave E s ; another polarization direction in the incident plane known as parallel polarization wave E p , that is:
The schematic diagram of Snell's law is shown in Fig. 2 . Snell' s law [15] is defined as:
where ic ic k w   , θ i is incident angle, θ t is refraction angle, and ε ic = ε i -jσ i /ω is complex permittivity, i = 1,2 represents seawater and seabed-rock-layer, respectively.
The critical angle of total reflection is defined as , ε ic is a complex number, so the critical angle is also a complex angle. When f << 22.5 MHz, we obtain σ 2 /ωε 2 >> 1, indicating that the seabed-rock-layer is also good conductive medium, and there is a real critical angle
showing that a very small angle will cause the total reflection at the interface. When
Considering the electric field in the infinity tends to 0, we take the negative sign. Then
where
For the two kinds of non-ferromagnetic and conductive mediums, the transmission coefficient and the reflection coefficient of vertical polarized wave (TE wave) and parallel polarized wave (TM wave) are slightly different at the interface [16] .
For TE wave, the transmission and the reflection coefficient are, respectively:
Hence the amplitude and phase of the reflection coefficient are obtained, respectively
For TM wave, the transmission and the reflection coefficient are, respectively
Hence the amplitude and phase of the reflection coefficient are obtained, respectively:
where  j ( j ) is the phase of the reflection coefficient, j = s, p represents TE wave and TM wave, respectively. From the above equations of TE wave and TM wave we can see when the total reflection occurs between the two conductive mediums (seawater and seabed-rock-layer) interface, we get  j   0, It indicates that there is transmission wave in seabed-rock-layer that is different from the total reflection on the ideal conductor surface (no transmission wave). Furthermore, the phase of the reflected wave is changed. Under the precondition of total reflection, the electric field intensity of the transmitted wave in seabedrock-layer is: (19) where E i0 is electric field intensity of incident wave, a kt = a x sin t + a z cos t is the unit propagation vector of plane electromagnetic wave and r = a x x + a z z is the vector of equal phase plane.
Combining (1) and (19) , the electric field intensity of the transmission wave can be expressed as:
and the magnetic field intensity of transmission wave can be expressed as: Therefore, the power flow density in seabed-rocklayer can be expressed as: (22) we can see that the power flow of the transmission wave goes along the tangential direction (xaxis) that is the seabed-rock-layer surface; the field amplitude attenuates exponentially along the normal z-direction (z-axis) whose effective depth generally has the same order of magnitude of skin depth [16] . Within the effective depth, the instantaneous power of transmission wave is not 0, but in the extremely thick seabed-rock-layer the mean power along the z-axis is 0, which indicates that the exponential attenuation along the z-axis is different from attenuation caused by ohmic-loss, there is no real power propagation. The transmission wave cannot penetrate into seabedrock-layer which merely belongs to the pure wave effect, and is named evanescent wave.
From (20) and (22), we can see that the propagation direction of evanescent wave is along the x-axis, and its attenuation constant, phase constant and propagation velocity are expressed as
The propagation characteristics of electromagnetic wave in seabed-rock-layer are closely related to the incident angle  i . As sin i  1, the path loss in seabed-rocklayer path is smaller and the propagation velocity is faster than that in seawater path.
When the deeply submerged transmitting and receiving antennas are extremely far apart away from each other, the signal in the LOS-seawater path will be severely attenuated and can be ignored, thus the propagation mechanism can be regarded as the following processes:
 Firstly, the electromagnetic waves travel through the insulating shell outside the antenna into seawater.
 Secondly, the waves which cross the interface between seawater and seabed-rock-layer are very sharply refracted and establish evanescent wave field in seabed-rock-layer.
 Thirdly, the waves will be guided along the seabedrock-layer surface with attenuation, and are completely absorbed within the effective depth.
 Fourthly, the absorbed energy stimulates the forced vibrations of the molecules or atoms in the medium, resulting in Rayleigh scattering.
 Fifthly, the Rayleigh waves generated by scattering are coherent, and finally the waves return to the seawater through the interface.
Achievable Communication Range
The lateral shift of evanescent wave on the seabedrock-layer surface is closely related to the earliest researcher F. Goos and H. Hanchen [17] who took experiment with multiple reflection method to prove when the total reflection occurs at the interface of two mediums, the actual reflection point has a lateral shift from the incident point, and later the lateral shift was named Goos-Hanchen (GH) Shift [18] .
According to Static Phase Method [19] , we can derive GH Shift expressed as:
where the subscript r -j = r-s, r-p. d r-j = d r-s , d r-p represent GH Shift of TE wave and TM wave, respectively.
Therefore the GH Shift is related to the polarization state of incident wave [20] . We can derive GH Shift of TE wave and TM wave, respectively: Obviously, the GH Shift is determined by the incident angle  i . If the incident angle is just equal to the critical angle  c , the lateral GH Shift will reach infinity and the penetration depth will be infinite thus no more evanescent wave occurs. Only when the incident angle is larger than the critical angle, the lateral GH Shift exists, but the larger the incident angle is, the smaller the lateral GH Shift is. Therefore, when the incident angle is larger than and close to the critical angle, the lateral GH Shift of the wave at the seabedrock-layer surface can reach up to several kilometers. Theoretically this method can solve the problem of range-limitation in the seawater.
Through the above-mentioned derivation and analysis about the total reflection, we can conclude that the achievable horizontal communication range of the deeply submerged transceiver can be expressed as:
where r is the radius of the insulating shell and h is the vertical range of antennas from seabed-rock-layer.
Path Loss
Friis propagation equation can be expressed as [21] 
where P t and P r are transmitted and received power, respectively. G t and G r are the antenna gains of the transmitter and receiver, respectively. And L Loss is path loss. For the seabed-rock-layer channel model, the path loss is related to absorption loss L att (dB) and spread loss L spread (dB) in two mediums.
The absorption loss in the conductive mediums exists in three stages: seawater, seabed-rock-layer and returnseawater. The propagation range in seawater is set as 2d s = 2[(h + r)/cos i -r] and the attenuation constant is α 1 . And in seabed-rock-layer, the propagation range is GH Shift d r and the attenuation constant is α r . Hence, the absorption loss can be calculated as:
Most of the previous studies have focused on shortrange underwater wireless transmission scenarios and the spread loss is neglected. In this section, we deduce and analyze the characteristics of spread loss in long-range seabed-rock-layer channel model theoretically.
The insulating shell outside the antenna matches the impedance of the seawater, so the wavelength in both mediums is same. However, the permittivity and conductivity of seabed-rock-layer are different from those of seawater, so the wavelength will change due to the change of the phase constant caused by the propagation of evanescent wave on the seabed-rock-layer surface.
The path loss in vacuum is where λ 0 = c/f is wavelength in vacuum. The loss due to the change of the transmission medium [22] is
where λ is wavelength in conductive medium. Substituting (34) into (33) yields
Combining (5) and (35), the spread loss of electromagnetic wave in conductive medium can be expressed as:
Since the propagation of electromagnetic wave in the seabed model will go through five processes including insulating shell, seawater, seabed-rock-layer, return-seawater and insulating shell. Thus the spread loss can be corrected as:
It is obvious that the influence factors of the path loss are not only the permittivity, conductivity, permeability of the conductive medium, but also the launch frequency, the incidence angle of electromagnetic wave, and the radius of the insulation cylinder shell as well as the vertical height of the antennas from the seabed-rock-layer surface.
Channel Response
Combining (19) , (31), (32) and (37), we can get the received electric field intensity, expressed as:
Thus the amplitude-frequency response and phasefrequency response of the communication channel model can be obtained, respectively:
Simulation Results and Analysis
TE wave and TM wave are different only in GH Shift equations, but their characteristics are same. In this section, TE wave is utilized for simulation verification and analysis. The radius of the insulating shell is considered to be 9-16 mm [23] . For the frequency less than 1 GHz, the spread loss in the insulating shell is small enough to be ignored. In the deep sea, the vertical height of the antennas from the seabed-rock-layer surface is generally set to 0-3 m, and we adopt the frequency of 100 kHz primarily for simulation.
From Fig. 3 , we can know that the attenuation constant in seawater is of 11 dB/m or so. When the incident angle is greater than and close to the critical angle, it is about 0.5 dB/m in seabed-rock-layer which is only 1/20 of the attenuation in the seawater path. As can be seen from Fig. 4 , the propagation velocity of electromagnetic wave in seawater is 0.510 6 m/s. However, with the same frequency and angle of incidence, the corresponding velocity in seabed-rock-layer can reach 9.810 6 m/s. It indicates that the communication range and propagation velocity will increase about 20 times through the seabed-rock-layer path.
In Fig. 5 , the lateral GH Shift along the seabed-rocklayer surface is shown as a function of the incident angle. When the incident angle is greater than 3 degrees, the GH Shift is so small that there is no display. The isotropic antenna can emit the omni-directional waves, which will cause different GH Shifts when arriving at the interface between seawater and seabed-rock-layer. The larger the incident angle is, the smaller the lateral GH Shift is. When the incident angle is larger than and close to the critical angle, the lateral GH Shift can reach 300 meters at frequency 100 kHz and more than two kilometers at frequency 1 kHz. Figure 6 shows the characteristics of the path loss in the seabed-rock-layer communication channel model with different antenna heights. The higher the antenna, the greater is the path loss. As the height increases, the path loss increases by about 25 dB for each additional height of 1 m. This is because the higher the height, the longer is the oblique range through the seawater before the electromagnetic wave arrives at the seabed-rock-layer, resulting in larger loss, especially the absorption loss. So much closer the antenna to the seabed-rock-layer, the more advantages of this channel model have.
Taking into account the case where the transmitting and receiving antennas are in contact with the seabed (h = 0), the analysis of the characteristics of path loss is carried out. The results are shown in Fig. 7 . It is found that the absorption loss of the conductive medium is smaller than the spread loss when the incident angle is greater than 2.97 degrees; the reason is that the GH Shift gets shorter when the incident angle is greater from Fig. 5 . A slight change of the incident angle will cause a dramatic change in path loss. When the incident angle is about 2.92 degrees, the path loss is about 170 dB.
According to Fig. 8 80 m, 120 m and 160 m in the operating frequency range of 10~150 kHz. It can be observed that the amplitude-frequency response of the channel exhibits a similar exponential trend, and the signal fading at different frequencies is different, the fading of the high-frequency signal is more serious than the low-frequency signal. In the case of communication range of 10 m, the characteristic of the channel fading is relatively flat, and the maximum fading difference is only about 1.4 times. When the communication range is expanded to 80 m, the fading difference is only about 14 times. Figure 10 shows the simulation results of the phasefrequency response in the case of communication range of 10 m, 40 m, 80 m, 120 m and 160 m in the operating frequency range of 10~150 kHz. As can be seen from the figure, with the increase of the communication range in the simulated operating frequency range, the phase-frequency response curve is steeper, so that the speed of phase change is accelerated. For example, in the case of communication range of 10 m, the phase difference between the 80~120 kHz is only 0.139 rad, and in the case of the communication range of 120 m, the difference is 1.545 rad. In the case of the range of 160 m, the difference is close to 2.053 rad. According to the simulation results, we can see that the amplitude difference and phase difference are not serious in the short range, so that the transmission signal will not be severely affected.
Conclusion
In this paper, our research starts the analysis about the propagation characteristics of electromagnetic wave in seawater, we exploit the evanescent wave effect generated by total reflection to deduce and analyze the lateral GH Shift of electromagnetic wave on the seabed-rock-layer surface whose main component is basalt theoretically. A low loss seabed-rock-layer communication channel model for high speed communications has been established in this paper, whose propagation velocity can be increased 20 times and path loss can also be reduced to 1/20 of the seawater condition. If we choose the appropriately lower frequency, communication range can be extended to several hundred meters or even several kilometers. This model is a breakthrough in the problem of limited communication range when electromagnetic wave propagates in seawater and also has certain significance for underwater shortrange and high speed reliable transmission.
